[1] The radiative impact of the mixing state of black carbon (BC) aerosol is investigated in Asian outflow. The mixing state and size distribution of BC aerosol were measured with a ground-based single-particle soot photometer at a remote island (Fukue) in Japan in spring 2007. The mass concentration of BC in Asian continental air masses reached 0.5 mg m À3 , with a mass median diameter of 200-220 nm. The median value of the shell/core diameter ratio increased to $1.6 in Asian continental and maritime air masses with a core diameter of 200 nm, while in free tropospheric and Japanese air masses it was 1.3-1.4. On the basis of theoretical calculations using the size distribution and mixing state of BC aerosol, scattering and absorption properties of PM 1 aerosols were calculated under both dry and ambient conditions, considering the hygroscopic growth of aerosols. It was estimated that internal mixing enhanced the BC absorption by a factor of 1.5-1.6 compared to external mixing. The calculated absorption coefficient was 2-3 times higher in Asian continental air masses than in clean air. Coatings reduced the single-scattering albedo (SSA) of PM 1 aerosol by 0.01-0.02, which indicates the importance of the mixing state of BC aerosol in evaluating its radiative influence. The SSA was sensitive to changes in air mass type, with a value of $0.98 in Asian continental air masses and $0.95 in Japanese and free tropospheric air masses under ambient conditions.
Introduction
[2] Black carbon (BC) aerosol is a byproduct of incomplete combustion of fossil fuels and biomass. BC is a strong absorber of solar radiation; therefore, it is considered to make important contributions to the radiative forcing of the atmosphere. BC could be the second most important component of global warming after CO 2 in terms of direct forcing [Jacobson, 2000] . Furthermore, the semidirect effect of BC aerosol causes a heating of clouds, which results in the evaporation of cloud droplets and a reduction of the cloud albedo, thereby warming the surface [Hansen et al., 1997; Ackerman et al., 2000] . Absorption and scattering coefficients of aerosols are needed to model these effects.
[3] Freshly emitted soot is initially hydrophobic and mostly externally mixed with nonrefractory compounds; with time, it becomes hydrophilic and more internally mixed through condensation and coagulation. In polluted urban air, BC becomes internally mixed on a timescale of $12 h with a coating of organics and sulfate Shiraiwa et al., 2007] . The radiative properties of BC depend strongly on the mixing state. Schnaiter et al. [2005] have investigated the absorption properties of BC coated with secondary organic aerosols. They found that the specific absorption cross section of internally mixed BC is amplified by a factor of about 2 compared to that of externally mixed BC. reported that the light-absorbing properties of BC could be enhanced by a factor of about 1.5 if BC is thickly coated with nonrefractory compounds, based on theoretical calculations. Jacobson [2000] conducted a model simulation and reported that the radiative forcing of BC is +0.27 W/m 2 when it is externally mixed, but this is enhanced to +0.54 W/m 2 when internally mixed. In addition, internally mixed BC aerosols act as cloud condensation nuclei (CCN) and are efficiently removed by wet deposition; hence, the coating of BC may change precipitation patterns and the spatial distributions of BC aerosols. Therefore, it is important to understand the mixing state of BC in order to evaluate its impact on climate. However, in situ measurements of the mixing state of BC of individual particles are still limited [Schwarz et al., 2008] .
[4] Because of the rapid economic development in East Asia, energy consumption is increasing, resulting in a higher rate of pollution emissions. It is reported that Asian aerosol sources are unlike those in Europe and North America: much more coal and biomass are burned, leading to high emissions of BC and organic aerosol [Huebert et al., 2003] . The emission estimates of BC were reported to be 1.05 Tg from China in the year 2000 [Streets et al., 2003] . The major emission sources of black carbon are from the residential sector and biomass burning. An increase of emission leads to an increase of pollutants outflow from the Asian continent. Japan is located at the eastern edge of East Asia, and a westerly wind dominates in the winter-spring period [Clarke et al., 2004; Takami et al., 2005] . Therefore, transport of anthropogenic aerosols and trace gases to the western Pacific can affect the regional climate and air quality in this region, including Japan. It is of great interest therefore to study the physicochemical properties of BC aerosols in the Asian outflow. However, the size distribution and mixing state of BC aerosol in the Asian outflow remain poorly characterized.
[5] The objective of this study is to characterize the physicochemical properties of BC aerosol in the Asian outflow and evaluate the radiative impact of the mixing state of BC. The size distributions of BC and PM 1 aerosol were measured using a single-particle soot photometer (SP2). The mixing states of BC aerosol (coating thickness and coating materials) are quantified. On the basis of in situ measurements and Mie theory, absorption and scattering coefficients and the single-scattering albedo of PM 1 aerosol are computed. The dependence of the optical properties on mixing state of BC aerosol is investigated.
Configuration of the SP2
[6] A SP2 (Droplet Measurement Technologies, Boulder, Colorado) was used to measure the size and mixing state of single BC aerosol in real time using laser-induced incandescence (LII) technique. The basic measurement principle and schematic diagrams of the SP2 have been described previously [Gao et al., 2007; . The SP2 consists of an intracavity Nd:YAG laser (l = 1.06 mm) and four optical detectors. The laser is in the TEM00 mode, with a Gaussian radial intensity distribution. Aerosol particles are dried prior to optical detection by dried sheath flow (RH < 4%) with a sheath/sample flow ratio of 10 and introduced to the laser beam vertically. BC aerosols passing through the laser beam elastically scatter laser light and at the same time absorb energy, are heated to their vaporization temperature, and incandesce. The incandescent light is detected by two photo multiplier tubes (PMTs) equipped with band-pass filters for different visible wavelength regions (l = 350-500 nm and 400-750 nm). The blackbody temperature of a BC aerosol can be derived using the ratio of the LII signal intensity . BC can be distinguished from incandescing non-BC aerosols such as metal particles on the basis of the boiling points of the particles [Schwarz et al., 2006] .
Determination of BC Diameter
[7] BC mass was measured using the BC mass and LII peak intensity relationship determined from calibration. The response of the LII detector was investigated using glassy carbon spheres (TOKAI Carbon Co., LTD, Tokyo, Japan and Alpha Aesar, Inc., Ward Hill, Massachusetts), graphite, and ambient BC aerosols in Tokyo. Dynamic shape factors (c) of these particles were investigated using a differential mobility analyzer (DMA)-aerosol particle analyzer (APM) system [McMurry et al., 2002] . The APM can measure the mass of particles using a combination of electrostatic and centrifugal forces [Ehara et al., 1996] . A condensation particle counter (CPC) was used to monitor the number concentration. Ambient BC aerosols were heated to 400°C prior to introduction into the DMA-APM system to remove coating materials. BC density was assumed to be 1.77 g cm À3 [Park et al., 2004] . Here c is defined as the ratio of the actual resistance force of a nonspherical particle to the resistance force of sphere having the same volume (mass). For spherical particles, c = 1, while for nonspherical particles c > 1. The c values are summarized in Table 1 . The c values of glassy carbon particles are near 1, indicating they were nearly spherical in this size range. On the other hand, c values of ambient BC aerosols were 1.7-2.2, indicating that they were aggregates.
[8] For calibration, noncoated monodispersed BC aerosols that were size and mass selected by the DMA-APM system were introduced into the SP2. The mass transmission width of the DMA-APM system was narrower than ±6%. Multiply charged particles did not influence the calibration because those that had passed through the DMA were rejected by the APM. The relationship between the LII peak intensity and the mass of black carbon is shown in Figure 1 , fitted by a power function. The scatter of the distribution of incandescence intensity for monodispersed BC aerosols caused an uncertainty in the peak height of $21% (shown with error bars). The ±6% transmission width of DMA-APM system caused $7% scatter in the distribution of peak height. The remaining uncertainty was attributed to the mean response of the SP2 to BC aerosols. The LII peak intensities depend on the type of black carbon over a ±20% range. The intensity of the LII signal is apparently dependent on emissivity (e) and surface area of the particle . If e is linearly proportional to diameter, the LII peak intensity measured by the SP2 becomes linearly proportional to the BC mass. However, our results show that the LII peak intensity depends not only on particle mass but also shows some variability depending on BC type, as discussed above. This can be due partly to the dependence of e on particle morphology and composition. Considering the scatter of the LII intensity and dependence on black carbon type, the uncertainty of the LII peak intensity is 28%, resulting in an uncertainty of the derived BC mass of $31%, which causes an uncertainty of the derived mass-equivalent core diameter (D BC ) of $10%. For ambient measurements, the calibration data for ambient BC was used. The detection range of BC was 0.9 -55 fg BC per particle, corresponding to a D BC of 98-430 nm diameter with a density of 1.77 g cm
À3
. The detection efficiency of BC aerosols by SP2 was 100% for particles larger than 150 nm in diameter and $60% near the detection limit. For deriving the size distribution of BC aerosol, BC particles with diameters less than 150 nm were corrected considering the detection efficiency. BC aerosols larger than the upper limit were detected but not sized because of the saturation of the PMT detector.
Determination of Optical Size
[9] Scattered light was detected by two avalanche photodiodes (APD): the standard APD and a two-element avalanche photodiode detector (TEAPD) [Gao et al., 2007] . For light-scattering aerosols, which do not incandesce (non-BC aerosol), the scattering signals were Gaussian. The peak intensity of the Gaussian scattering signal was proportional to the scattering cross sections of the particles, which were calibrated with measurements of polystyrene latex spheres (PSL) of known size. Conversion from scattering cross section to optical diameter was made using the Mie theory.
[10] For BC aerosols, the scattering signal was distorted because BC evaporates in the laser beam. The scattering properties of unperturbed BC aerosols were reconstructed by Gaussian fitting of the leading edge of the scattering signal (leading edge -only fit: LEO fit) [Gao et al., 2007] . In this study, the last point of the leading edge was set to a triple Gaussian width away from the center position of the Gaussian. This fitting required the position information of the particles in the laser beam, which was enabled by TEAPD [Gao et al., 2007] . Also required for the fitting was Gaussian width, which was predetermined by the scattering signal from the PSL. The relationship between the peak height of the full Gaussian scattering signal by the standard APD and the reproduced Gaussian peak height of that by the TEAPD show a tight linear correlation (r 2 = 0.99), indicating the validity of the LEO fit. The detection range of optical size was 200-750 nm.
[11] Coated BC particles with known core and shell diameters were introduced to the SP2 to quantify the optical size determination of coated BC. They were produced using the experimental system described by , which consists of a tandem differential mobility analyzer (TDMA) with a vapor condensing system. Glassy carbon (TOKAI) and graphite particles were used as cores, and glycerol and oleic acid were used as coating materials. Glycerol and oleic acid have different evaporative characteristics with the boiling points of 290°C and 360°C, respectively. Coated BC aerosols with D BC of 150À400 nm and coating thicknesses of 25-400 nm were produced. The size transmission width of the DMAs was maintained to within ±6%. Doubly charged particles were also introduced to the SP2 but easily discriminated from singly charged particles because both core and shell diameters of doubly charged particles were about twice as large as those of singly charged particles.
[12] Figure 2 shows the experimental results of graphite particles coated by oleic acid with a D BC of 210 nm, along with theoretical calculation of scattering cross sections using a shell-core model of Mie theory [Bohren and Hoffman, 1983] . The dielectric function was uncertain; therefore, various refractive indices of BC and oleic acid were assumed. The assumed values of the refractive indices of graphite and oleic acid were chosen on the basis of the work of Moteki and Kondo [2008] . The measured scattering cross sections agree well with those calculated within the uncertainty of the refractive indices. The measurements of other combinations of core (graphite and glassy carbon) and coating materials (glycerol and oleic acid) also agree well with the calculations, suggesting that the use of TEAPD and the shell/core model is reasonable to determine the scattering cross section of coated BC. The shell diameter of coated BC can be derived with $15% error by conversion of the scattering cross section.
Determination of Mixing State of BC
[13] The mixing state, or the shell/core diameter ratio (R), was calculated by dividing the shell optical diameter by the core BC diameter. Considering the propagation of errors, the uncertainty of R was calculated to be $18%. In deriving the distribution of R, the probability of reliable LEO fitting was considered. The R values of some portions of BC could not be derived owing to unreliable LEO fitting near the detection limit ($200 nm) of the TEAPD. Fitting probabilities obtained by the coating experiment data were used in deriving the distribution of R.
Observation of Aerosols in Asian Outflow

Experimental Setup
[14] Ground-based measurements of aerosols and trace gases were performed at a remote site in Japan (Fukue Island, 32.8°N, 128.7°E) during 14 -22 March and 5 -16 April 2007. The site is located about 600 km east of the coastline of the Asian continent, about 250 km south of the Korean peninsula, and about 100 km west of Kyushu Island (Japan). The observatory house is located on the northwest side of Fukue Island. No significant local BC sources were identified [Takami et al., 2005] .
[15] The SP2 was deployed to measure BC and lightscattering aerosols. The sample air was aspirated from the roof of the observatory (3.8 m AGL) through a half-inch outer diameter stainless steel tube. Aerosols less than 2.5 mm were selected using a PM 2.5 cyclone. The sample air was introduced to the SP2 using quarter-inch copper tube with a sample flow rate of 50 mL min À1 . Size-resolved PM 1 aerosol chemical composition was analyzed using a quadruple aerosol mass spectrometer (Q-AMS; Aerodyne) [Jayne et al., 2000] . Hydrocarbons were measured using a whole air sampling technique [Simpson et al., 2003] . They were analyzed using gas chromatography (HP-6890) with flame ionization detection. The mixing ratio of carbon monoxide (CO) under ambient condition was measured using a nondispersive infrared absorption technique (Model48C, TECO, USA) . For the present analysis, all concentrations were merged into 1-h averages.
Classification of Air Masses
[16] Figure 3a shows time series plots of ethyne (C 2 H 2 ) and carbon monoxide (CO). Ethyne is an excellent tracer for long-range pollution transport because it is a general product of incomplete combustion, with major sources from vehicles, biofuels, and biomass burning [Streets et al., 2003] . The lifetime of ethyne is several weeks, which is sufficiently long to track plumes influenced by emissions from the Asian continent yet sufficiently short to provide strong pollution enhancements in these plumes relative to background . CO is also a good tracer of anthropogenic emissions, and CO and C 2 H 2 showed similar variation. The concentrations of these species varied significantly, associated with changes in air masses origin, as discussed below in detail.
[17] Back trajectories were calculated to understand the observed variations associated with the different air mass origins. Calculations were made using the Meteorological Data Explorer (METEX; http://db.cger.nies.go.jp/metex/ index.html) developed by the Center for Global Environmental Research (CGER) using data from the National Centers for Environmental Prediction (NCEP). Back trajectories using 3D wind fields initialized by H = 500 m were calculated with a total run time of 96 h (4 days) for every hour during the campaign periods. Observed air masses were distinctly classified into 5 types by region of origin and transport pathway: China (19%), Korea (17%), Japan (11%), Marine (10%), and Free Troposphere (FT) (20%). The fraction of each observed air mass type is also shown in parentheses, summing up to 77%. Note that the remaining 23% of air masses were classified as transition periods and excluded in the analysis. On 16 March and 6 April, new particle formation events were observed, and these periods were also classified as transition periods. Back trajectories of each air mass are shown in Figure 4 . The ambient temperature, relative humidity, and CO concentration have also been analyzed and are summarized in Table 2 . Classifications of air masses were mainly based on back trajectories but also supported by trace gases and meteorological parameters, as discussed below.
China (CH)
[18] CH air masses originated in the northern region of China (35°N -45°N, 110°E -120°E) and passed over Beijing and Tianjin, which are large emission sources in China. Trajectories passed over the Yellow Sea and then through the southwest edge of the Korean peninsula, which has only small emission source according to the emission inventory [Streets et al., 2003; Sahu et al., 2008] . A highpressure system was located near the Chinese coast during this period. The high CO concentration air masses were transported by winds that flowed along the edge of the highpressure system. The highest CO mixing ratio (356 ppbv) suggests the large influence of anthropogenic emissions in China.
Korea (KR)
[19] KR air masses originated from northeastern region (40°N-45°N, 120°E-130°E) of China and passed through Temperature (°C) 13.4 (13.9 ± 1.7) 13.3 (13.5 ± 1.5) 9.9 (9.8 ± 1.0) 14.1 (14.7 ± 3.6) 9.9 (9.9 ± 1.3) RH (%) 59 (61 ± 11) 53 (57 ± 12) 63 (60 ± 13) 69 (68 ± 9) 52 (54 ± 8) CO (ppbv) 356 ( .7 (7.6 ± 2.8) 6.3 (5.7 ± 3.2) 7.6 (7.8 ± 3.4) 3.5 (3.3 ± 1.0) Organics (mg m À3 ) 8.6 (8.6 ± 2.3) 5.9 (5.7 ± 1.0) 3.4 (2.9 ± 1.1) 2.5 (2.5 ± 0.6) 3.5 (3.5 ± 0. 3.4 (3.7 ± 1.6) 2.6 (2.8 ± 0.9) 1.6 (1.5 ± 0.8) 2.0 (2.1 ± 0.8)
Statistics given in format median (mean ± standard deviation).
the Korean peninsula. These air masses were mainly affected by Korean emissions, because the emission of BC in the northeastern region of China was small on the basis of emission inventory and the majority of air masses passed through Seoul or Pusan, which have large emission sources on the Korean peninsula. During the KR period, a highpressure system was located over the Yellow Sea.
Japan (JP)
[20] JP air masses originated from the northeastern region of China and passed over North Korea. Trajectories tracked down the Japanese mainland, and then went west to reach the sampling site. Because the anthropogenic emissions of the northeastern region of China and North Korea are small, these air masses were influenced primarily by fresh Japanese emissions. During JP periods, the Siberian High was centered near 50°N, 110°E.
Marine (MR)
[21] MR air masses originated from the East Japan Sea in March and from the Yellow Sea in April. They spent at least 2 days over the sea prior to sampling. We note that this MR air mass type was different from typical clean marine air masses, as they were influenced by Asian emissions. The MR air masses were associated with low-pressure or frontal systems passing over Fukue Island, which brought relatively clean air over the ocean for example on 13 April as shown in Figure 3 . The highest ambient temperature (14.7 (±3.6)°C) and relative humidity (68 (±9) %) confirm the identity of marine air.
Free Troposphere (FT)
[22] FT air masses were transported from the free troposphere (at an altitude greater than 2 -3 km) over the continent by northerly winds; these air masses then descended to the boundary layer over the eastern edge of the Korean peninsula. The lowest values of ambient temperature (9.9 (±1.3)°C) and relative humidity (54 (±8) %) confirm the free tropospheric origin of the air masses.
[23] The concentration of CO was higher in CH and KR air masses as shown in Table 2 , as compared with JP, MR, and FT air masses. These high CO concentrations are likely due to transport from areas with high emission rates in China and Korea.
Distribution of BC and Other Aerosols
[24] Time series plots of mass concentration of BC along with air mass types are shown in Figure 3b . The BC mass concentration in PM 1 was derived from BC mass size distributions approximated by a lognormal function, as explained in section 4.1. The average (±standard variation) concentration in the campaign period was 0.32 (±0.17) mg m
À3
. A large range of variation of 0.1-1.0 mg m À3 was observed owing to variations in air masses with different characteristic BC concentrations. The BC concentration showed large enhancements of $1.0 mg m À3 on 22 March and 8 -9 April, which corresponded to Korean and Chinese air masses, respectively.
[25] Distributions of BC and inorganic and organic aerosols are summarized in Table 2 . CH air masses had the highest concentration of BC, with a mass concentration of 0.50 (±0.14) mg m 
Physicochemical Properties of Aerosol
Size Distribution
[26] Figure 6 shows the average BC mass (Figure 6a ) and number size (Figure 6b ) distributions for the air mass types measured using the SP2. To estimate the whole size distribution, a single, lognormal distribution was assumed, which has been observed in Asian outflow in the free troposphere by Clarke et al. [2004] . Mass median diameters (MMD) were 200 -220 nm and number median diameters were 120-140 nm in every air mass type. These MMDs were in a size range similar to those obtained by SP2 measurements in the free troposphere [Schwarz et al., 2006 [Schwarz et al., , 2008 and the lower troposphere . The mass concentration of BC aerosol was calculated by integrating the fitted lognormal functions.
[27] Average volume size distributions of light-scattering aerosol in the air masses measured using the SP2 are shown in Figure 7 . Light-scattering aerosols are non-BC aerosols whose components are sulfate, organics, nitrate, and ammonium, based on the AMS measurements. The mass of light-scattering aerosol was derived by integrating the fitted lognormal function assuming a density of 1.8 g/cm 3 . A single lognormal distribution was also assumed as was done for BC. The correlation between measured AMS mass concentrations versus estimated SP2 light-scattering aerosol mass showed a good linear correlation (r 2 = 0.84) with a slope of 0.7. The 30% difference can be partly due to the difference of definition of diameter (AMS: aerodynamic diameter; SP2: optical diameter) and the uncertainty of the assumed particle density. The MMDs were $500 nm in CH and KR air masses, which were larger than that of $350 nm in MR, JP, and FT air masses. This is likely due to condensation and coagulation during transport in the CH and KR air masses. The concentration was lowest in the FT Table 3 .
[29] Average distributions of R with D BC = 200 (±10) nm in each air mass type are shown in Figure 9 . In CH and KR air masses, the median R with a diameter of 200 nm was $1.6, which indicates the most BC aerosols were thickly coated. This could have resulted from condensation of organic and inorganic components during the transport from China and Korea. It is also possible that BC was coated to some extent already in China and Korea, depending on the time during which air masses remains after BC emissions. On the basis of back trajectory analysis, the transport time from the Asian continent to the sampling site was long enough (2 -3 days) for the condensation on BC to proceed. The mass concentrations of organic and inorganic aerosols were much higher in CH and KR air masses (Table 2) , which should result in thicker coatings on BC aerosols. In MR air masses, BC was also thickly coated with a median R of $1.6. The surface of BC aerosol could be hydrophilic under humid conditions (RH = 70%) [Mikhailov et al., 2006] in MR air masses and thus coatings could condense on BC aerosol easily.
[30] In contrast, in JP and FT air masses, the median values were 1.3-1.4, which indicates that large amounts of BC aerosols in these air masses were noncoated or thinly coated compared to other air mass types. The transport time from the Japanese main island to the sampling site was about 6 h based on back trajectory analysis. It is reported that BC is coated on a timescale of about 12 h in urban polluted air Shiraiwa et al., 2007] . Therefore, the transport time of about 6 h is too short for full aging in JP air masses. Moreover, the mass loadings of organics and inorganic aerosol components, which possibly contributed to coatings, were smaller in JP and FT air masses than those in CH and KR air masses (Table 2) .
Coating Materials on BC
[31] To investigate the contribution to the coating on BC aerosols by sulfate, organics, and nitrate measured by AMS, Positive Matrix Factorization (PMF) [Paatero and Tapper, 1993] was applied. The same method has been used in previous studies [Shiraiwa et al., 2007] . The ratio of the mass concentrations of sulfate, organics, and nitrate to those of BC (X/BC, X = sulfate, organics, and nitrate) and the median value of R with D BC = 200 (±10) nm were applied to the PMF analysis. We assumed that the coating composition matches the bulk aerosol composition. We used X/BC instead of absolute mass loadings, because it represents the relative amount of coating materials to BC aerosols . The parameters (sulfate/BC, organics/ BC, nitrate/BC, and the median value of R) predicted by the PMF model agree quite well with those observed, with r [32] The three-factor PMF model resulted in physically interpretable factors (Figure 10a ). On the y axis is the explained variation, which is a quantitative, dimensionless number of how important each factor is in explaining each parameter [Paterson et al., 1999] . Factor 1, which explains 94% of sulfate/BC and 19% of R, indicates that sulfate was the principal contributor to the coatings in this factor. Factor 2 explains 31% of organics/BC and 68% of R, which means that organics were the main contributor in this factor. On the other hand, nitrate was considered to be the main contributor to coatings in factor 3. We note that factors 1 and 3 also contain some contributions from organics/BC ratio. Therefore, organics are considered to be a subcontributor to factors 1 and 3. The cumulative variance shows that the use of the three factors explains almost the entire variance (>95%) in every parameter.
[33] Figure 10b shows the time series of normalized factor contributions to the median value of R (D BC = 200 nm) along with air mass type. Factors 1 and 2 were the dominant contributors over the entire period, indicating that organics and sulfate contributed to the coatings dominantly. These two factors accounted for 87% of the coating on BC aerosols according to the cumulative variance of R (Figure 10a ). At nighttime, the contribution of factor 3 showed an enhancement of as high as 30%, for example on 15 March, 19 March, and 14 April. In these periods, the relative humidity was around 80%. The equilibrium of the nitric acid (HNO 3 ) reaction with ammonia (NH 3 ) to form ammonium (NH 4 + ) and nitrate (NO 3 À ) shifts toward the aerosol phase at high ambient RH [Morino et al., 2006] . This explains the larger contribution of nitrate to the coating under high relative humidity conditions, as also observed in the outflow from Tokyo [Shiraiwa et al., 2007] . On 14 April, the contribution of factor 1 showed an enhancement as high as 70% in the MR air mass (Figure 10b ), which indicated the large contribution of sulfate to coatings. The variability of factor contributions reflects the different sources/mechanisms that can be associated with the different meteorological conditions and air mass types.
Radiative Influence
[34] The absorption coefficient (k abs ), scattering coefficient (k sca ), and single-scattering albedo (SSA) of PM 1 aerosol at a wavelength of 550 nm under both dry and ambient RH condition were calculated to investigate the radiative impacts of BC aerosol in the Asian outflow. One hour-averaged k abs and k sca were calculated by
where s(D, R) is the absorption or scattering cross section and dN/dlogD is the 1-h-averaged aerosol number size distribution. In calculating s(D, R), we have applied the shell/core model of Mie theory, which was reported to be a good proxy for internally mixed BC with arbitrary eccentricity, compared to effective medium theories [Schnaiter et al., 2005] . SSA was calculated as SSA = k sca /(k sca + k abs ). To investigate the sensitivity of mixing state of BC aerosol to these radiative parameters, two cases that assumed the external and internal mixing of BC aerosol were considered. In the internal mixing case, the mixing state of BC aerosol was considered using the observed shell/ core diameter ratio, whereas BC aerosol was assumed to be entirely noncoated in the external mixing case.
[35] To compute the radiative parameters under ambient condition, water uptake on coated BC and light-scattering aerosol was estimated using the thermodynamic equilibrium model for multiphase, multicomponent inorganic aerosols, ISORROPIA [Nenes et al., 1998 ]. Aerosol-phase concentrations of SO 4 2À , NO 3 À , and NH 4 + , and temperature and RH were used as input parameters for the model calculations. The water uptake increased the diameter of light-scattering aerosols by 25 (±8)% and increased the coating thickness of coated BC aerosol by 30 (±9)%, mainly depending on the RH. Organics, which were also a main component of lightscattering aerosol and coatings, were not included in this model. Organics are known to exhibit some hygroscopicity; however, it has been reported that the hygroscopic growth factor of organics is much smaller than inorganic components and the contribution of the organics to the overall water uptake is mostly of minor importance [Kleindienst et al., 1999] . Gysel et al. [2007] estimated that inorganic components contribute to the hygroscopic water uptake by more than 80% and the organic contribution to water uptake is minor (<20%) in aged-polluted and cleanbackground air masses. We assumed that the presence of organics in the aerosol did not significantly affect the hygroscopic properties of the aerosol.
Absorption Coefficient
[36] The fitted lognormal distribution in Figure 6 was used as the size distribution of BC aerosol. The refractive indices (m) of BC aerosol in three cases were used to investigate the sensitivity to k abs : m = (2, 1) [Janzen, 1979] , (1.87, 0.56), and (1.47, 0.34) [Marley et al., 2001] .
Other published values are within the range of these values . The calculated k abs showed variability of $20%, depending mainly on the imaginary part of m. In further analysis, we used the middle value of (1.87, 0.56), in which the uncertainty of r cause $20% error in deriving k abs . For dry conditions, the coatings were assumed to be organics and sulfate on the basis of the discussion in section 4.2.2. For ambient conditions, water is also a coating component, increasing the coating thickness by $30%. The m of water, organics, and ammonium sulfate at a wavelength of 0.5 mm have been reported to be m = (1.34, 0), (1.45, 0), and (1.52, 0) [Krekov, 1993] , respectively. We assumed an average m value of coatings under dry conditions of m = (1.5, 0). To investigate the uncertainty associated with this assumption, m = (1.45, 0) was also tested, resulting in a calculated k abs of $3% lower value. Therefore, the m of coatings was not a critical parameter in deriving k abs , which caused only about 3% uncertainties. The m under ambient condition was assumed to be m = (1.45, 0) considering the reduction of m by water uptake.
[37] The mixing state was directly measured in the D BC range of 150 -400 nm, as discussed in sections 2 and 4.2.1. In calculating the optical properties, we have used 1-haveraged distribution of the shell/core diameter ratio as shown in Figure To assess the uncertainties associated with this assumption, a case in which BC was assumed to be noncoated outside the D BC = 150-to 400-nm range was calculated, resulting in an about 8% lower value. This case was the lower limit of absorption enhancement by coatings. Therefore, the assumption of mixing state beyond the detection ranges was estimated to cause about 8% uncertainty.
[38] The time series of calculated k abs are shown in Figure11a. k abs showed a variability similar to the mass concentration of BC aerosol shown in Figure 3b . The distributions of k abs with air mass type are shown in Figure 12a and summarized in Table 4 . The calculated k abs in internal mixtures was 1.6 times higher than that in external mixtures in CH, KR, and MR air masses and 1.5 times higher than that in JP and FT air masses. This clearly shows the importance of considering BC mixing state for the evaluation of absorption properties.
[39] The calculated k abs for internal mixing under dry and ambient conditions were almost the same value. One reason is the reduction of the refractive index of coating by water coatings from 1.5 to 1.45, which leads to a $4% reduction of absorption cross section. Another reason is the saturation of the absorption enhancement by coatings . The absorption increases as coatings condense on the BC core, however, when coatings become thicker, the absorption enhancement reaches a maximum amplification. Because the coatings were relatively thick (R$1.4 -1.6) under dry conditions and water reduced the refractive index, the water uptake did not increase the absorption enhancement significantly. The k abs values were 2 -3 times higher in CH and KR air masses compared to those in JP, MR, and FT air masses mainly because of higher BC concentrations.
Scattering Coefficient
[40] The k sca of PM 1 aerosol was calculated by summing that of light-scattering and BC aerosols. Most light-scattering aerosols were composed of sulfate and organics, on the basis of the AMS measurements, and the m of lightscattering aerosols under dry and ambient conditions was assumed to be (1.5, 0) and (1.45, 0), respectively. The sensitivities of k sca to m were investigated by assuming m Figure 11 . Time series plots of (a) k abs , (b) k sca , and (c) SSA of PM 1 aerosol (l = 550 nm). External and internal mixture cases are shown under dry and ambient conditions. of (1.55, 0) and (1.45, 0) under dry conditions, resulting in a variability of $15%. The k sca of BC aerosol was also calculated assuming external and internal mixture cases. k sca of PM 1 aerosol was dominated by the k sca of lightscattering aerosols and k sca of BC contributed to PM 1 k sca by only $3% and $6% in external and internal cases, respectively.
[41] Time series of calculated k sca are shown in Figure 11b and the statistical value of k sca in each air mass is shown in Figure 12b and Table 4 . k sca of the internal mixture showed a slightly larger value ($3%) than that in external mixture. Because of water uptake, k sca under ambient conditions was estimated to be about twice as large as that under dry conditions. The calculated k sca showed the highest value of 150 Mm À1 in CH air masses. Clarke et al. [2004] reported a k sca in Asian outflow of $140 Mm À1 in the lower atmosphere in spring 2001, which is comparable to this study. Calculated k sca showed lower values of $30 Mm À1 in JP and FT air masses, which was attributed to a lower concentration of light-scattering aerosol in these air masses, as shown in Figure 7 .
Single-Scattering Albedo
[42] Figure 11c shows the time series plots of the calculated SSA under dry and ambient conditions for external and internal mixture cases. The error bars represent the propagation errors of k sca ($15%) and k abs ($20%). Under ambient conditions in the internal mixture case, SSA ranged from 0.91 to 0.99. Nakajima et al. [2007] reported that the SSA at l = 500 nm at Fukue was in the range of 0.90 to 0.98 in spring 2005, which is comparable to this study. The statistical value of SSA is shown in Figure 12c and in Table 4 . Owing to the absorption enhancement by coatings, the SSA values were reduced by 0.01 -0.02 with internal mixing compared to that with external mixing under both dry and ambient conditions. This corresponds to an increase of coalbedo by 0.01 -0.02. SSA values were lower in JP and FT air masses compared to those in CH, KR and MR air masses, because of the low value of k sca , even though k abs was not high.
[43] It has been reported that the critical SSA at which the aerosol impact on surface temperature shifts from cooling to heating is 0.90 -0.93 based on modeling studies [Hansen et al., 1997; Cook and Highwood, 2004] . In the case of external mixing, SSA was larger than the critical SSA, whereas with internal mixing SSA was comparable to the critical SSA in the JP and FT air masses during 18-21 March and 5 April. The low value of SSA in FT air masses implies that SSA was also low in the free troposphere. Thus, absorption of solar visible radiation by BC aerosol in the Asian outflow would reduce the local low cloud amount and result in positive climate feedback. However, near-surface properties of SSA do not always provide a good representation of the atmospheric column [Clarke et al., 2004] . Therefore, vertical profiles of aerosol are required for an improved evaluation.
Conclusions
[44] Characterization of physicochemical properties of BC aerosol in Asian outflow was made through groundbased measurements at a remote island in Japan during March-April 2007. The concentration of aerosols and trace gases were sensitive to alternations of air mass type. BC accounted for 1 -4% of the mass of PM 1 aerosol, and it reached as high as 0.5 mg m À3 in Asian continental (China and Korea) air masses, whereas marine air masses showed the lowest value with those at 0.16 mg m À3 .
[45] The size distributions of BC aerosol were quantified, revealing the mass median diameters of 200 -220 nm, independent of air mass type. The shell/core diameter ratio (R) increased in Asian continental and maritime air masses, reaching $1.6 with a core diameter (D BC ) of 200 nm, indicating that BC was thickly coated. Meanwhile, BC was thinly coated, with a median R of 1.3-1.4 in air masses from Japan and the free troposphere. The median values of R were higher at smaller D BC . In addition, the time-dependent contributions of major coating materials were estimated, showing that organics and sulfate were the dominant coatings on BC, while sulfate was the main contributor in marine air masses.
[46] In current models, BC aerosol is treated as externally mixed or fully internally mixed with other aerosol components. However, our measurements showed the nonuniform distribution of coating thickness, depending on D BC and air mass type. On the basis of theoretical calculation applying the shell/core model of Mie theory, it was suggested that coatings enhanced the absorption coefficient (k abs ), with an additional increase of 50 -60%. The assumption of an external mixing state of BC will lead to an underestimation of the heating effects of BC. At ambient RH, water uptake by coating materials did not cause significant absorption enhancement. In addition, coatings reduced the singlescattering albedo (SSA) of PM 1 aerosol by 0.01 -0.02; therefore the mixing state of BC cannot be ignored when evaluating the influence on regional climate of BC. A detailed description of the mixing state of BC is required in the models for improved estimation of direct and semidirect effects of BC aerosol.
[47] Calculated k abs values were 2 -3 times higher in Asian continental air masses compared to clean air masses. The strong absorption of solar radiation by BC aerosol can lead to a heating of the atmosphere (direct effect) in the Asian outflow region. The SSA was $0.97 in Asian continental air masses and $0.95 in Japanese and free tropospheric air masses under ambient RH conditions. The low value of SSA would lead to reduced local low cloud amount and result in positive climate feedback (semidirect effect) in this region.
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